Introduction
A granular material is a collection of discrete particles which exhibit a tremendous amount of complex behavior. They behave differently than solids, liquids, and gas which has led many to characterize granular materials as a new form of matter [6, 12, 13] . There are a lot of interesting and complex processes to be understood by studying flow properties of a granular material, for instance, the internal flow behavior of silo discharging process during gravitational flow [12, 16, 17] .
Silo discharging process is one example of gravitational flow and it is very important from an industrial applications point of view. Silos are used as a container in several branches of industries for protecting, storing and load-50 S. Waktola et al.
ing solid materials into process machinery [4, 21] . The silo discharging process starts after opening the silo outlet, which is located at the bottom of the silo. Depending on the material properties and silo geometrical parameters, there are two main types of granular flow patterns.
The first one is funnel flow, in which the materials are flowing only in the center of the silo giving rise stagnant zones of material at the walls of the container. Arching and ratholing are the most common funnel flow problems that can occur in silos while granular material flows within them [15, 16, 17] . The second flow type is mass flow, which is characterized by all the material being discharged uniformly at the same downward velocity across the entire cross section region [15, 17, 5] . For this case of flow may occur silo quaking problems, which are directly connected to dynamic effect as the results of the interaction between particles and silos construction [3, 20] .
The changes in the concentration of bulk solid materials during silo emptying process have a significant influence on the operational safety of the silo structure by increasing the local pressure on the silo wall and hopper [3] . The best measurements tools for the material concentration analysis are based on different visualization techniques, such as optical camera [18] , X-ray Computed Tomography (CT) [1, 11] and Electrical Capacitance Tomography (ECT) systems [9, 10] are widely used to study different phenomena of the flow and for the observation of the concentration changes of the bulk solid during silo discharging process. In the presented study, we used the ultrafast electron beam X-ray CT scanner (ROFEX) from Helmholtz-Zentrum DresdenRossendorf, which has a very high temporal resolution system to monitor material changes concentration [7, 8] Prior to filling the silo with a material, white (i.e. empty tube and X-ray ON) and black (i.e. X-ray OFF) refer- performed at a specific silo height, the CT scan detector data is downloaded and finally reconstructed by a recently developed data processing toolkit that uses graphical processing units [2] . Before starting any image analysis, all reconstructed raw images (256×256 pixels) are re-centered at all scanning heights to make sure that the center of the tube matches with the center of the image. 
